Introduction Platelets in Liver Disease-Alterations and Consequences for Hemostasis
Chronic and acute liver diseases are frequently accompanied by complex alterations in the hemostatic system. 1 These changes include decreased plasma levels of proteins involved in coagulation and fibrinolysis that are synthesized by hepatocytes. Causes and consequences of the changes in plasmatic coagulation and fibrinolysis have been reviewed elsewhere. [2] [3] [4] In addition, thrombocytopenia and alterations in platelet function are common. 5,6 Thrombocytopenia develops as a result of decreased platelet production, increased platelet turnover, increased consumption, and/or increased splenic sequestration. Platelet production may be decreased due to decreased production of thrombopoietin, which appears to contribute significantly to thrombocytopenia in patients with cirrhosis, 7 but this mechanism does not appear to explain the thrombocytopenia of acute liver failure (ALF).
8
In addition, platelet production may be compromised as a result of direct toxic effects of alcohol or the hepatitis C virus, for example on the bone marrow. 9,10 The development of autoantibodies targeting platelets decreases platelet half-life and may contribute to thrombocytopenia in patients with cirrhosis.
11 Platelet consumption may occur by localized or disseminated activation of hemostasis 12-14 and multiple processes including generation of thrombin, exposure of fibrotic tissue (i.e., collagens), and activation of endothelial cells which may result in (continuous) platelet activation and subsequent decreases in the circulating platelet count. Finally, splenomegaly, which occurs as a consequence of portal hypertension, may result in a dramatic increase in the proportion of the total platelet mass that is sequestered within the spleen.
with liver disease, although these functional defects are poorly understood. It has long been generally accepted that platelet function in cirrhosis was compromised by a combination of intrinsic defects and inhibition of platelet function by plasma-derived factors. 6 More recent studies, however, suggest ex vivo platelet function to be increased in patients with cirrhosis and provide evidence for increased in vivo platelet activation. Some of these studies point to technical flaws in earlier studies, 18, 19 but technical issues of these recent studies have also been criticized. 20, 21 Additional recent studies suggest platelet function to be unaltered in cirrhosis, 22, 23 which clearly indicates the need for additional studies to solve the controversy of platelet functionality in patients with liver diseases. Regardless of the functional status of platelets, it has been demonstrated using in vitro studies that the highly elevated plasma levels of von Willebrand factor (VWF) and the low levels of the VWFcleaving protease ADAMTS-13 (a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13) compensates for the thrombocytopenia of liver disease.
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Overall, therefore, the primary hemostatic system appears much more preserved than suggested by the platelet count alone, and this "rebalance" in primary hemostasis is in line with the concept that the entire hemostatic system in patients with liver diseases is in a "rebalanced" status due to simultaneous changes in both pro-and antihemostatic processes. 2,3 Indeed, the bleeding risk of patients with liver diseases appears low, and is in some, 27 but not all, 28 studies unrelated to the circulating platelet count. We and others have therefore advocated a restrictive use of prophylactic platelet transfusions in patients with liver diseases undergoing invasive procedures given the uncertain efficacy and notable side effects. 27, 29 Of note, administration of platelet concentrate has been shown to have very little effect on global hemostatic capacity. 30 Taken together, the primary hemostatic system of patients with cirrhosis has both proand antithrombotic features, which in individual patients may contribute to bleeding or thrombosis.
Platelets and Liver Surgery: Alterations and Consequences for Hemostasis
In surgical procedures involving the liver, notably partial liver resections and liver transplantation, substantial perioperative changes in hemostatic components may occur.
31
These changes may occur in patients who had a normal preoperative hemostatic status, such as in the noncirrhotic patient undergoing partial hepatectomy for metastatic disease or the patient with a disorder such as familial amyloid polyneuropathy requiring a liver transplant. Perioperative hemostatic changes may also occur in patients who had cirrhosis-related hemostatic changes preoperatively. During the intraoperative and early postoperative phase, platelet numbers usually decline, 32,33 likely due to consumption and hemodilution. Platelet counts normalize following surgery, but in contrast to patients undergoing major surgical procedures not involving the liver, postoperative thrombocytosis does not occur, 34, 35 which may relate to defective platelet production, potentially due to decreased thrombopoietin production as a result of transiently decreased liver function, following liver surgery.
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In noncirrhotic patients undergoing partial hepatectomy, we have demonstrated a profound and sustained increase in plasma VWF levels with substantially decreased ADAMTS-13 levels, 37 which may relate to ongoing inflammation-associated VWF release with concomitant ADAMTS-13 consumption. 38, 39 This VWF/ADAMTS-13 unbalance resulted in an increased capacity to support platelet adhesion and aggregation under conditions of flow. A similar VWF/ADAMTS-13 unbalance is present in patients with cirrhosis, 24 and we have demonstrated exacerbation of this unbalance following liver transplantation. 40 In light of the (near) normal postoperative platelet counts in patients undergoing liver surgery, we speculate that the VWF/ADAMTS-13 unbalance may contribute to postoperative thrombotic complications. Thus, although platelet transfusions may be indicated in the intraoperative phase when active bleeding is evident, postoperatively the primary hemostatic system appears hyperfunctional, and antihemostatic interventions may be helpful in diminishing thrombotic risks.
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Extrahemostatic Effects of Platelets
Beyond a well-appreciated role in hemostasis and thrombosis, platelets are known to contribute to the pathogenesis of a broad spectrum of diseases. Platelets have well-appreciated roles in physiological and pathological processes, including inflammation, tissue repair, angiogenesis, and tumor growth. 42 Upon activation, platelets release a plethora of stored mediators capable of modifying cellular responses, particularly inflammation, at the site of activation. 43 These mediators can have direct effects on various cell types including endothelium and inflammatory cells. 44 Mediators released by platelets include arachidonic acid metabolites, cytokines, proteases, and growth factors. 45 Moreover, activated platelets express an array of cellular adhesion molecules driving both local cell activation processes and reciprocal activation of platelet processes such as aggregation. Collectively, and depending on context, appropriately and timely release of platelet-derived mediators can have powerful effects on both disease progression and tissue repair through effects on numerous cell types, including parenchymal cells, vascular endothelium, and a spectrum of inflammatory cells. Thus, while the hemostatic function of platelets is well recognized, strong evidence indicates that antiplatelet therapies could have profound disease-modifying effect by modulating extrahemostatic platelet functions.
In this review, we will focus on the role of both hemostatic and extrahemostatic platelet functions in liver injury, disease, and regeneration.
difficult to interpret not only due to their retrospective nature but also as a result of the complex changes in platelet count and function in many of the cohorts that have been studied. In addition, part of the evidence relies on association with aspirin use. Although aspirin is well known for its platelet-inhibitory properties, it interferes with other processes which may explain the relation between aspirin use and modulation of liver diseases. We will first outline the clinical evidence for a contribution of platelets in modulation of liver diseases and then provide evidence from experimental models which, in part, mechanistically explain the clinical correlations.
Platelets in Progression of Chronic Liver Diseases
Four recent studies on aspirin use suggest that platelets may be related to progression of chronic liver diseases. The first report retrospectively studied 188 patients who had received a liver transplant for hepatitis C. 46 49 Importantly, ibuprofen (which lacks antiplatelet activity) was not associated with decreased fibrosis. A population-based cohort in the Netherlands measured plasma levels of VWF in 1,228 individuals. VWF levels were associated with liver fibrosis as assessed by liver stiffness measurements using transient elastography after 10 years of follow-up, and associations remained after adjustment for potential confounders (https://repub.eur.nl/pub/79702/ 160218_Plompen-Elisabeth-Petrus-Cornelia.pdf, page 107).
In aggregate, these studies suggest a link between platelet function and progression of chronic liver disease. Potential mechanisms underlying these associations will be discussed later in this review. Importantly, many alternative explanations for these findings deserve attention. For example, aspirin has many platelet-independent effects 50 that could potentially affect progression of chronic liver disease. 51 
Platelets in Progression of ALF
The ALF Study Group in the United States analyzed changes in the platelet count over time in 1,598 patients during the course of their illness. 52 It was demonstrated that those patients with a poor outcome (death or requirement for liver transplantation) develop a more profound thrombocytopenia in the first week after admission. In addition, it was shown that platelet counts in the first week of admission were lower in patients who developed the systemic inflammatory response syndrome, patients who required vasopressors or renal replacement therapy, and in patients who developed hepatic encephalopathy. 52 The development of thrombocytopenia likely involves platelet activation, for example by thrombin or inflammatory stimuli derived from activated leucocytes or endothelial cells. 53 Importantly, thrombocytopenia was accompanied by an increase in platelet-derived tissue factorpositive microparticles, and the extent of microparticle release was proportional to the severity of the systemic inflammatory response syndrome. 54 Activated platelets and the procoagulant microparticles have been proposed to drive progression of disease by causing intrahepatic microischemia and by enhancing inflammatory responses (see section on "potential mechanisms"). Importantly, in patients with sepsis, platelets have been proposed to contribute to disease progression and endorgan failure through similar mechanisms. 55 Additional analyses of the ALF study group data have demonstrated that patients who receive platelet transfusions have a worse outcome than those who do not, 56 again suggesting that platelets (or platelet-derived microparticles) may drive progression of ALF. Finally, a small study has shown decreased ADAMTS-13 plasma levels in patients with a poor outcome, 25 which may again indicate that excessive (intrahepatic) platelet thrombus formation by insufficient regulation of VWF could drive disease progression.
Platelets in Progression of Hepatocellular Carcinoma
Platelets have been implicated in growth and metastasis of many different cancer types. [57] [58] [59] Thrombocytosis is a poor prognostic sign in cancer, 60 and platelets have not only been suggested to fuel tumor growth directly, 61 but thrombopoietin-dependent platelet production is enhanced by the tumor. 62 Multiple studies have demonstrated aspirin use to be associated with a reduced risk to develop cancer, reduced cancer-related mortality, and reduced risk of cancer metastasis. [63] [64] [65] [66] Importantly, these studies were meta-analyses of large randomized trials of aspirin use for prevention or treatment of cardiovascular events, increasing the reliability of the conclusion.
A single study has assessed the relation between aspirin use and diagnosis of HCC in the NIH-AARP and Health Study Cohort. Among more than 300,000 individuals, 250 had a confirmed diagnosis of HCC, and aspirin use was associated with a 37% decreased risk of developing HCC.
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In patients diagnosed with HCC, it has been demonstrated that tumor size and platelet count are positively correlated. Moreover, thrombocytosis is associated with an increased risk of developing distant metastases. 68 Confusingly, however, thrombocytopenia is associated with posttreatment HCC recurrence and death.
69
In patients who underwent a partial hepatectomy for (metastatic) malignancies, it was demonstrated that preoperative high levels of serotonin within platelets decreased the risk of postoperative morbidity, suggesting beneficial effects of platelet serotonin on liver regeneration. However, patients with high serotonin levels had an increased risk of cancer recurrence. 70 
Platelets and Liver Regeneration
Multiple studies have demonstrated that a low platelet count following a partial liver resection or living donor liver transplantation in humans is associated with poor outcome, including postoperative liver dysfunction and mortality, which might be linked to defective regeneration. [71] [72] [73] [74] [75] In addition, it has been recently demonstrated that platelet transfusion in living donor transplant recipients is associated with better liver regeneration, as assessed by graft volume measurements by computed tomography. 74 In the same study, it was demonstrated that in those patients who do not receive intraoperative platelet transfusions, the intraoperative platelet count is positively associated with graft regeneration. Moreover, a small uncontrolled study in humans suggested that platelet transfusion improves liver function in patients with established cirrhosis.
76
Clinical studies have suggested that release of growth factors from platelets are crucial in stimulating liver regeneration following partial liver resection in humans. 33, 77 It has been demonstrated that platelets accumulate in the liver remnant early after resection in mice 78 and humans, 33 suggesting that platelets are recruited to the liver to deliver mitogenic cargo. Studies showing that low plasma levels of vascular endothelial growth factor and low platelet levels of serotonin are associated with an increased risk of postoperative liver dysfunction suggest that platelet-derived growth factors are important for liver regeneration in humans.
33,77
In addition, high plasma levels of thrombospondin, an inhibitor of liver regeneration stored in platelet α granules, were associated with an increased risk of postoperative liver dysfunction. 79 These studies suggested consumption of growth factors in the first postoperative days following liver resection. Other studies, however, failed to provide evidence for a role of platelet-derived growth factors in liver regeneration in humans, and pointed toward similar changes in platelet growth factor content following major abdominal surgery without subsequent requirement for liver regeneration. 80, 81 Technical concerns were present in both series of studies, which makes it difficult to draw definitive conclusions.
Experimental Evidence in Support of Clinical Data Platelets in Progression of Chronic Liver Diseases
In agreement with clinical studies, studies in experimental rodent models of chronic liver injury have shown that administration of antiplatelet drugs reduces the severity of liver injury and fibrosis in experimental settings of chronic liver disease. Several studies indicate that platelets contribute to chronic liver injury in transgenic mice expressing hepatitis B proteins in liver, a model of immune-mediated liver damage resembling features of viral hepatitis.
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Notably, in this model of immune-mediated liver damage, administration of the antiplatelet drugs, aspirin and clopidogrel, reduced liver injury as well as fibrosis, and remarkably reduced the incidence of HCC and improved survival. 84, 85 Antiplatelet drugs also reduced the severity of liver pathology in an experimental rat model of nonalcoholic fatty liver disease. 86 Similarly, aspirin reduced fibrosis in a genetic model of sclerosing cholangitis (i.e., Mdr2
À/À mice). 87 
Platelets in Progression of ALF
A pathologic role for platelets in liver damage has been suggested in several experimental models of acute liver injury induced by T-cell activation, endotoxemia, cholestasis, apoptosis, and drug-induced liver injury. 53, 83, [88] [89] [90] [91] Overdose of the analgesic acetaminophen (paracetamol) is a leading cause of ALF, 92 and because of this, acetaminophen overdose is a widely utilized model of acute liver injury in rodents. Acetaminophen overdose in mice produces a dosedependent hepatotoxicity resembling the clinical scenario, and there is strong congruence between many of the mechanisms of acetaminophen hepatotoxicity in mice and observations in cases of ALF caused by acetaminophen overdose. 93 Indeed, experimental acetaminophen overdose in mice has been utilized to determine mechanisms whereby platelets contribute to the progression of liver damage. Experimental acetaminophen overdose in mice is associated with activation of the extrinsic pathway of coagulation and elevation of plasma thrombin-antithrombin (TAT) levels and fibrin deposition in the injured liver. [94] [95] [96] In agreement with observations in patients with ALF, a rapid and persistent thrombocytopenia is evident in mice with acetaminophen-induced liver injury, which was accompanied by accumulation of platelets within the injured liver. 53 Antibody-mediated thrombocytopenia reduced plasma TAT levels, suggesting a role for platelets in driving coagulation after acetaminophen overdose liver.
53
Moreover, direct thrombin inhibition attenuated thrombocytopenia and hepatic platelet accumulation, 53 implying that thrombin proteolytic activity drives platelet activation after acetaminophen overdose. This could occur through protease-activated receptors on platelets or engagement of platelets with fibrin deposited in the liver. Notably, mice lacking PAR-4, which mediates thrombin signaling in mouse platelets, had reduced hepatic platelet accumulation after acetaminophen overdose. 53 Of importance, antibodymediated platelet depletion significantly reduced acetaminophen-induced liver injury in mice, as did PAR-4 deficiency, indicating that platelets contribute to the progression of liver injury in this experimental setting.
Another study found that aspirin reduced liver injury after acetaminophen overdose, although clopidogrel had no Platelets and Liver Disease Lisman, Luyendyk 117
effect on mortality at a high acetaminophen dose, suggesting the effect of aspirin could be platelet independent. 51 TGFβ has indeed been implicated in HCC progression.
Platelets in Progression of HCC
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Platelet lysate has been demonstrated to stimulate proliferation of four different hepatoma cell lines. In addition, platelets inhibited apoptosis of these cell lines, which may have contributed to the net stimulatory effects of platelet lysate on cell growth.
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In mouse models of HCC, platelet inhibitors such as aspirin and clopidogrel were demonstrated to decrease tumor development and growth, and to improve survival. 84, [105] [106] [107] In a model of spontaneous HCC development in mice infected with hepatitis B, it was shown that antiplatelet therapy with aspirin and clopidogrel decreased liver injury, HCC development, and mortality. 84 Inhibition of platelet-mediated recruitment of CD8-positive T cells directed to the hepatitis B virus was the main mechanism explaining the inhibitory effect of antiplatelet therapy. Importantly, in the same study, carbon tetrachloride-induced HCC formation was not inhibited by antiplatelet therapy indicating that the specific immunological mechanism underlying hepatitis B-induced HCC development was indeed the target of antiplatelet therapy. In an orthotopic HCC model, in which HepG2 cells were subcutaneously injected in immune-deficient mice, antiplatelet clopidogrel therapy decreased tumor growth, which was accompanied by a decrease in platelet infiltration in the tumor, and better tumor differentiation. 107 Platelettumor cell interaction was suggested to drive HCC progression in this article. Another study demonstrated that aspirin inhibited tumor growth in a similar model, but this study concluded that direct, platelet-independent, apoptotic effects of aspirin were responsible for inhibition of tumor growth.
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Platelets could potentially contribute to HCC by driving coagulation. In models of tumor growth and angiogenesis, components of the coagulation cascade including tissue factor, thrombin, and PAR-1 contribute to various cancerrelated processes including tumor growth and angiogenesis. 108, 109 Although this connection is possible, studies coupling a hemostatic function of platelets with these processes in models of liver cancer are lacking.
Platelets and Liver Regeneration
It has been well established that platelets are vital for liver regeneration after a partial hepatectomy in rodent models. 78, 110, 111 Significantly, liver regeneration after partial hepatectomy was substantially delayed in mice that were treated with drugs that inhibit platelet function, or in mice with thrombocytopenia induced by chemotherapeutic drugs or platelet-depleting antibodies. 110 Conversely, mice in which the platelet count was increased by treatment with thrombopoietin receptor agonists or by administration of platelet concentrates showed accelerated liver regeneration. Experimental cholestasis models are an excellent example of how driving liver damage by a mechanism distinct from chemical-or immune-mediated hepatocellular injury can change the perceived role of platelets. Moreover, published studies in cholestasis models provide evidence in support of the concept that both timing and strength of platelet-directed interventions can impact experimental results. Experimental ligation of the common bile duct causes both acute liver damage and fibrosis if uncorrected. In this setting of liver damage, depletion of platelets ($90%) with anti-GPIb antibody attenuates neutrophil accumulation and liver injury.
118 In a genetic model of complete thrombocytopenia, this protection from liver injury was retained, but surprisingly, liver fibrosis was dramatically increased. 117 Similarly, a near-complete thrombocytopenia increased cholestatic liver injury in a model of chemical-induced bile duct injury, but more modest thrombocytopenia or administration of clopidogrel reduced injury. 119 These studies highlight the potentially different contribution of platelets in acute and chronic liver damage, as well as the potential difference between partial and complete thrombocytopenia. In another model, chronic exposure of mice to the bile duct toxicant α-naphthylisothiocyanate (ANIT) elicits bile duct hyperplasia and fibrosis. Various pathways driving platelet function have been inhibited in this model, each implying a protective function of platelets, but with each platelet-directed intervention producing slightly different effects on liver histology. For example, Fibγ Δ5 mice, in which fibrinogen cannot support platelet aggregation by engaging α IIb β 3 , developed much more severe hepatocellular injury and fibrosis when challenged with ANIT. 120 Mice lacking PAR-4, which mediates thrombin signaling in mouse platelets, also developed increased fibrosis, but the increase in hepatocellular damage was minimal compared with Fibγ Δ5 mice. 120 Finally, although clopidogrel increased peribiliary fibrosis, it had no effect on hepatocellular injury in ANITchallenged mice, and had no additional effect on liver pathology in ANIT-challenged PAR-4-deficient mice. 121 Collectively, these studies indicate that the effect of generalized "antiplatelet" interventions can ultimately depend on the specific platelet activation pathways or element of platelet function being modified. Notably, aspirin treatment reduced biliary fibrosis in Mdr2 À/À mice, 87 which develop peri-biliary fibrosis much like ANIT-challenged mice. As noted earlier, aspirin may have nonplatelet effects, but perhaps these different results could also be anchored in the mechanism whereby each drug affects platelet activation. Importantly, clinical studies addressing the effect of antiplatelet drugs on liver disease in patients with cholestatic liver diseases, such as primary biliary cirrhosis and primary sclerosing cholangitis, have not been performed. Interestingly, however, there are a few studies that suggest that platelet function may indeed be different in patients with cholestatic liver disease compared with noncholestatic liver disease. 122, 123 This observation, combined with somewhat surprising evidence in animal studies, provides a strong case for deciphering the basis for a different role of platelets in this type of liver disease.
Platelets in Progression of ALF
Platelets are the sink for peripheral serotonin and, upon activation, release serotonin from intracellular granules. Platelet-derived serotonin is among the potential mechanisms whereby platelets could contribute to liver regeneration and repair. Interestingly, mice lacking peripheral serotonin developed modestly increased acetaminophen hepatotoxicity and serotonin deficiency worsened survival at a high dose of acetaminophen. 124 It is worth noting that while platelets appear to exacerbate early hepatotoxicity in the acetaminophen model, their role in repair and restoration of hepatic function has not been addressed experimentally. In fact, in other models of ALF, thrombocytosis improves survival. For example, in a surgical model of ALF induced by 90% hepatectomy in mice or rats, thrombocytosis improved survival, implying a protective role for platelets.
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Platelets in Progression of HCC
The experimental evidence linking platelets to progression of HCC is scarce but appears consistent. There are, however, inconsistencies in the clinical observations with both thrombocytosis and thrombocytopenia being identified as prognostically unfavorable factors. [67] [68] [69] It may be that the relation between thrombocytosis and outcome directly reflects stimulatory effects of platelets on tumor growth and/or metastasis, whereas the relation between thrombocytopenia and outcome is a reflection of the severity of underlying disease (i.e., cirrhosis). Experimental studies might be able to clarify this apparent paradox.
Platelets and Liver Regeneration
Based on extensive work in animal models and several recent clinical studies, the concept that release of platelet granule content (serotonin, growth factors) drives liver regeneration appears plausible and has been proposed by multiple groups. 77, 110, 114, 127 However, no direct definitive evidence that platelet granule content indeed drives liver regeneration has been provided, as we have recently reviewed. 128 Studies whose conclusions were presented as conclusive evidence have unexplored alternative explanations. For example, the conclusion that platelet serotonin drives liver regeneration is not yet justified, as the delay in liver regeneration in mice that lack platelet serotonin is not only compatible with a scenario in which serotonin directly exerts mitogenic Platelets and Liver Disease Lisman, Luyendyk 119
activity, but also with a scenario in which the role of serotonin on liver regeneration is indirect. Serotonin is well known as a potent platelet activator, and serotonin deficiency in platelets is associated with decreased functional platelet responses. 129 Platelet activation is required for platelet-mediated liver regeneration, as P2Y 12 inhibition also delays liver regeneration. 110 Therefore, reduced platelet activation rather than defective mitogenic activity may explain the delayed liver regeneration in mice lacking platelet serotonin. Similarly, it has been shown that platelet serotonin levels decrease following a partial hepatectomy in humans. 77 Combined with the observation that platelet serotonin content was associated with outcome, it was concluded that platelet serotonin is important for liver regeneration in humans. This study, however, did not address whether serotonin consumption was directly related to the partial hepatectomy or simply the consequence of major (abdominal) surgery, and inferred effects on liver regeneration based on complications of surgery. Thus, more direct evidence for a role of specific platelet granule molecules is eagerly awaited. In addition, at least two alternative mechanisms that may underlie platelet-mediated liver regeneration deserve further experimental study. First, the role of platelet RNA transfer, which we recently demonstrated to drive hepatocyte proliferation in vitro, now requires exploration in vivo. 99 Second, the possibility that platelets stimulate liver regeneration indirectly should be considered. It has been well established that inflammatory cells are important in liver regeneration. [130] [131] [132] As platelets facilitate influx of inflammatory cells in models of liver injury and repair, 133 it may be that platelets drive liver regeneration by stimulating inflammatory cell recruitment.
Mechanistic Insights into the Role of Platelets in Liver Disease Pathogenesis
Increasing clinical and experimental evidence is consistent with a role for platelets in liver disease progression. Although the dogma is that platelets accelerate disease progression, there is also some experimental evidence suggesting the exact opposite. Part of the beneficial effects of platelets on the injured liver may reflect the role of platelets in liver regeneration. In this section, we will summarize potential mechanisms by which platelets exert beneficial and detrimental effects on the injured liver.
How Platelets Modulate Liver Injury
The mechanisms whereby platelets contribute to progression of injury in acute and chronic liver disease are not entirely understood. Occam's razor, a problem-solving principle that states that among competing hypotheses the one with the fewest assumptions should be selected, would suggest that one likely possibility is the formation of microthrombi within the liver microvasculature. In principle, both in acute and chronic liver disease, this could disrupt perfusion of the hepatic sinusoids, leading to hypoxia and cellular necrosis. Strong evidence indicates that antihemostatic agents reduce liver fibrosis in experimental settings, 134 but direct evidence
showing that formation of platelet and/or fibrin-containing thrombi is the pathological mediator of liver fibrosis is lacking. An alternative explanation for the efficacy of antihemostatic agents in reducing disease progression regards signaling effects of coagulation proteases such as factor Xa and thrombin. 134 Given the role of platelets in supporting coagulation reactions, antiplatelet agents may delay disease progression by dampening Xa and/or thrombin generation. Another mechanism whereby platelets could drive liver injury and fibrosis is by exacerbating the local inflammatory response. As noted previously, the release of pre-stored inflammatory mediators could drive activation of inflammatory processes that ultimately lead to tissue damage. Recent studies suggest that platelet-derived inflammatory mediators and growth factors contribute to chronic liver damage, 87 but no direct evidence that intrahepatic release of pathogenic molecules by platelets drives disease progression was provided. In another study, cxcl4 (platelet factor 4)-deficient mice had reduced liver fibrosis after chronic challenge with carbon tetrachloride or thioacetamide, again suggesting that a platelet-derived mediator could exacerbate fibrosis. 135 Confusingly, there is also evidence that platelets deliver antifibrotic mediators, notably hepatocyte growth factor.
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Expression of a large number of adhesion molecules by platelets makes it plausible that they contribute to liver injury through recruitment and activation of inflammatory cells. For example, depletion of platelets reduces accumulation of both leukocytes and lymphocytes to the injured liver 83,118 depending on the experimental context, although it is unclear whether this represents a direct interaction of platelets with these cells or a failure of chemotaxis to the liver. Other lines of evidence suggest that interactions between platelets and other non-parenchymal cells such as sinusoidal endothelial cells or liver macrophages can impact the progression of liver damage. [136] [137] [138] However, it is challenging to definitively nail down the mechanisms whereby platelets either drive or protect against liver damage, particularly given the variable effect of various platelet-directed interventions on experimental liver disease. Approaches including Cre-LoxP-targeted deletion of specific genes in platelets 139 or depletion and adoptive transfer of platelets in thrombocytopenic mice with modified function may offer more opportunity to definitively identify mechanisms whereby platelets contribute to injury. The mechanistic basis for the apparent protective function of platelets in cholestatic liver injury is not known. It is plausible that the same battery of platelet-derived mediators have distinct functions depending on the nature of the disease process being studied. In part, this may depend on the differential role of other cell types with which platelets interact in the course of disease. 
How Platelets Stimulate Liver Regeneration
Although there is increasing experimental and clinical data showing that platelets drive liver regeneration after partial hepatectomy, mechanisms involved are incompletely understood. While some investigators advocate for the release of proteins or small molecules stored within platelet granules as drivers of regeneration, 77, 110, 114, 127 solid experimental evidence in support of this mechanism is lacking. According to the current literature, three plausible hypotheses exist, which require verification by experimental studies. These three potential mechanisms involve transfer of platelet RNA and platelet-mediated influx of inflammatory Stimulation of cancer cell proliferation 98 Increased angiogenesis 142 Protection of circulating tumor cells 59 Liver regeneration Low platelet count associated with poor outcome of liver resection and speed of regeneration [71] [72] [73] [74] [75] Platelet and plasma levels of known stimulators of liver regeneration decreased in patients with poor outcome of liver resection 33, 77 Platelet depletion and antiplatelet drugs delay liver regeneration in rodents 78, 110, 111 Clinical studies on growth factors contained within platelets and outcome of liver resection are inconsistent 33, 77, 80, 81 Release of growth factors from platelet granules 33, 77, 110, 114, 127 Transfer of platelet RNA 99 Modulation of inflammatory cell influx 128, 133 Abbreviations: ALF, acute liver failure; HCC, hepatocellular carcinoma; VWF, von Willebrand factor. cells, in addition to the widely accepted granule release mechanism.
Conclusion
Here, we have reviewed clinical and experimental evidence for a role of platelets in liver injury and repair. ►Table 1 summarizes our findings. We have stressed the limitations of both clinical and experimental studies and have indicated apparent paradoxes in both clinical and experimental observations. Nevertheless, there is increasing evidence that platelets may be an interesting therapeutic target in the treatment of liver diseases. However, it is not yet time to start clinical studies on modulation of platelet functions to decrease progression of fibrosis/cirrhosis and ALF, to treat or prevent HCC in patients with cirrhosis, and to stimulate liver regeneration in patients at risk for postresection liver failure due to inadequate regeneration. Before we can embark on such studies, we need to better understand mechanisms involved not only to identify the best therapeutic strategies but also to be aware of potential detrimental side effects of platelet-modulating therapies.
